Introduction
The glomerulus is the filtering unit of the nephron: where blood from the glomerular capillaries is filtered by way of the glomerular filtration apparatus producing a primary filtrate (also termed the ultrafiltrate). The primary filtrate is further modified down the length of the tubular nephron. Filtered material must pass through the selective components of the glomerular filtration apparatus in the following order: the fenestration endothelium, the glomerular basement membrane (GBM), and the podocyte slit diaphragm [1] . The primary filtrate then enters Bowman's space -that is defined by the space between the podocytes (visceral epithelium) and the parietal epithelium -before continuing to the tubular nephron (Fig. 1) . The podocyte is a highly differentiated cell that is comprised of a cell body and foot processes that adhere to the underlying GBM via their basal surface [2] . Foot processes are spaced with intervening areas spanned by a slit diaphragm that provides a size selective filter to passing material. It is well understood that the architecture of the podocyte and the maintenance of normal renal function are intimately intertwined [3] [4] [5] [6] .
As a component of the filtering unit of the nephron, the glomerular podocyte is exposed to a number of mechanical forces: fluid shear stress (FSS) and stretch [7, 8] . These forces can modulate within a physiologic range, however, there are instances when such forces are altered to become deleterious to the podocyte. Circumferential wall tension in the associated glomerular capillaries is countered by the buttressing podocytes, and produces an element of stretch upon the cell [9] . In states of increased flow through the glomerular capillaries with an elevated hydrostatic glomerular capillary pressure, there is transmission of the circumferential wall tension through the glomerular filtration apparatus to cause stretching of the podocyte. The intimate physical and paracrine relations held between the glomerular capillary endothelia, GBM, and podocyte are important as changes/insults to one structure are felt by the other elements of the filtration apparatus [10] . Stretch-related changes have been studied in podocytes and will not be the focus of this paper [8, 9, 11] . In the face of pathologic hemodynamics within the glomerulus, hyperfiltration and the concomitant increase of FSS can lead to glomerular injury. The glomerular filtration rate (GFR) rises secondary to increases in glomerular plasma flow as seen in the clinical setting of hypertension [12] . With hyperfiltration, the increased volume of primary filtrate passing over the surfaces of the podocyte incurs greater FSS (Fig. 1) [13] . A podocyte foot process is exposed on its apical, basal, and bilateral lateral surfaces (associated with the slit diaphragm) to FSS, and the FSS felt on the apical surface may be similar to that at the apical surface of parietal epithelial cells of Bowman's capsule (vide infra). It has been calculated that the FSS seen at the slit diaphragm is 8 Pa and 0.05 Pa on the apical surface of the podocyte, although these calculated estimates are relatively high when considering cultured podocytes are sensitive to FSS at values greater than 0.1 Pa [7, 9] .
FSS can be defined as the force per unit area acting parallel to a given surface: for now our surface of interest is the podocyte's cell membrane [9] . Laminar FSS (τ) is the product of the shear rate (γ) and the viscosity (η) of the fluid studied (in this case the primary filtrate). Turbulent, non-laminar, FSS develops if the velocity and/or the viscosity of the fluid are altered appropriately, and these parameters can be changed within the glomerulus [14] . It has been shown that cells react differently to laminar and turbulent FSS, and this may need further evaluation in future studies of podocytes [15] . In order to model FSS placed on the podocyte, Friedrich et al. defined it as such to aid in providing a calculated estimate:
FSS at the glomerular tuft (podocyte surface) could now be estimated by providing the single-nephron glomerulus filtration rate (SNGFR), the fraction (f) of the SNGFR continuing to the proximal tubule, radius of the glomerular tuft (R T ), the distance between the parietal epithelium and the glomerular tuft representing the width of Bowman's space (s), and the coordinates that describe the axis from the vascular pole (z = 0) to the urinary pole (z = 1) of the glomerular tuft [16] . This calculated estimate was applied in recent work that illustrated in uninephrectomized rodents with a reduction of nephron number that there would be increased FSS placed upon podocytes [17] . Further work could determine the true applicability of this calculated estimate of FSS on the podocyte in the complicated milieu that is Bowman's space. The podocyte is made up of a cell body (CB) and foot processes (F) that associate with the GBM. Between the podocyte and the opposing parietal epithelium (PE) is Bowman's space (BS). Filtrate can either enter Bowman's space directly after passage through the slit diaphragm, or it can enter via the subpodocyte space (*) through exit pores (not depicted). (B and C) A closer look at the glomerular filtration apparatus is depicted. Filtered material has to pass through (in such order) the fenestrated endothelial cells, GBM, and the slit diaphragm spanning the space between adjacent podocyte foot processes. This filtrate enters Bowman's space which is continuous with the tubular nephron. Under normal conditions and filtration, the podocyte is exposed to fluid flow on its basal surface (associated with the underlying GBM), its lateral surface (associated with the slit diaphragm), and its apical surface. In conditions that result in hyperfiltration (C), there is an increase of fluid flowing across the aforementioned podocyte surfaces, and there is also increased fluid shear stress placed upon the other resident cells found in the glomerulus.
The podocyte has been determined to be a key component in the pathogenesis of numerous glomerulopathies, and better understanding of podocyte cell biology will aid in determining mechanisms of disease and avenues of therapeutic targeting. The mechanisms by which a podocyte recognizes a mechanical stimulus such as FSS and responds are the focus of this review. It should be iterated that the numerous mechanical forces placed on the podocyte most likely illicit responses at the cellular level that have some overlapping signaling pathways with confounding adaptations.
The podocyte's placement within the glomerular microanatomy and its importance with regards to FSS

Canonical appreciation of glomerular microanatomy with a podocentric perspective
The podocyte is uniquely situated as the final selective component of the glomerular filtration apparatus. The glomerular filtration apparatus is the filtering unit of the glomerulus, and is composed of the previously described fenestrated endothelia, GBM, and the podocyte with its associated slit diaphragm. Specifically the podocyte foot processes are affixed basally to the underlying basement membrane by way of integrins, tetraspanins, and dystroglycans [18, 19] . Laterally, the foot processes are separated from each other by the slit diaphragm that spans the space between. The slit diaphragm is made up of numerous proteins -most notably nephrin -which are associated via intracellular interactions with both the structural and functional integrity of the podocyte [20] . The slit diaphragm is typically the only physical contact between adjacent foot process: a relationship that is lost in different glomerulopathies [21] . Rodewald and Karnovsky first illustrated the slit diaphragm to have an ultrastructural zipper-like configuration, and it has since been proven to act as a size selective filter to passing material [1] . The apical surface faces Bowman's space (or to be expanded upon further later: the subpodocyte space) and is notable for the anionic charge provided by membrane-associated proteins such as GLEPP-1, podocalyxin, and podoplanin [22] [23] [24] . This negative charge is thought to be in part responsible for maintaining separation between adjacent foot processes as well as the spacing between podocytes and parietal epithelium, thereby maintaining glomerular structure and function [25, 26] . The three surfaces described are associated with the podocyte's actin cytoskeleton via protein-protein interactions, and as such, signaling/activation of elements from one aspect of the podocyte influences the podocyte's architecture in total. With that in mind, as most of the podocyte is exposed to FSS, mechanosensation could derive from any part of the cell.
The distance between adjacent foot processes -sometimes termed the filtration slit or the interpodocyte space -in human glomeruli has been measured at 30-40 nm [27] . Podocyte foot processes interact with the underlying associated GBM: with this 400 nm thick basement membrane comprised of type IV collagen, fibronectin, entactin, heparin sulfate proteoglycan, and laminin [28] [29] [30] [31] . Together, the GBM and podocyte layers contribute the greatest resistance of flow of filtrate through the glomerular filtration apparatus. Furthermore, the slit diaphragm provides the greatest resistance of flow as the filtrate passes into the filtration slit, with minimal resistance by drag along the lateral surfaces of the foot processes [32] .
Novel glomerular microanatomy: the subpodocyte space
Ultrastructural work conducted by Neal et al. has led to the appreciation of the subpodocyte space: a space defined by the GBM and the podocyte foot processes (with the slit diaphragm) opposed by the underside of other portions of the podocyte [33, 34] . The investigators recognized that primary filtrate could follow a pathway starting after the slit diaphragm that entered the subpodocyte space and continued through exit pores into the urinary collection space (termed peripheral urinary space) classically considered as Bowman's space. It has been shown that this novel pathway offers significant resistance of flow of primary filtrate, most notably in the subpodocyte space's exit pores [35] .
Pichler Sekulic/Sekulic: Rheological Influence Upon the Podocyte
Approximately 60% of the glomerular filtration apparatus appears to be covered by routes of filtration involving the subpodocyte space, thus implicating its importance in regulating filtration. Additionally, the permeability characteristics of solute passage involving the subpodocyte spaces and areas "unbounded" by this space with direct passage of filtrate from the slit diaphragm into Bowman's space differ [36] . The subpodocyte space could offer a locale for which the unique fluid dynamics act as a stimulus of mechanosensors of FSS. Further investigations will be necessary to fully understand the role of the subpodocyte space in the regulation of glomerular filtration, its contribution to overall function of the glomerular filtration apparatus, and the intrinsic fluid dynamics and FSS affecting the bounding podocyte surfaces.
Mechanisms by which hyperfiltration and FSS develop within the glomerulus
The GFR is a measurement that is utilized clinically to reflect whole kidney function and to stratify patients for treatment and prognosis [37] . Factors that can alter GFR include renal perfusion rate, the filtration surface area, permeability of the filter, and hydrostatic and oncotic pressures. The relation between these factors and GFR can be expressed as follows:
This includes the hydraulic permeability of the filter (k; in some literature represented by Lp), S the surface area of the filter, P gc the hydraulic pressure within the glomerular capillary, P bs the hydraulic pressure within Bowman's space, and π p the oncotic pressure of the plasma within the glomerular capillary. The product of the filter's hydraulic permeability (k) and the filtering surface area (S) provides the ultrafiltration coefficient (K f ) [31] . This equation assumes that the primary filtrate is free of protein contributing to oncotic pressure within Bowman's space (π bs ): however this may not be the case in glomerulopathies with protein loss into the primary filtrate. In such instances, the reflection coefficient of proteins (s) for the glomerular filter must be also accounted for. A more appropriate expression of the GFR in the pathologic state would be as such:
Modulation of the determinants of GFR will obviously result in changes in functional filtration. A state of hyperfiltration will develop in the setting of: hypertension (increasing P gc ), with increased permeability of the filter (increasing k) for the aberrant passage of plasma proteins (s is near 0 when absolutely permeable and near 1 when absolutely impermeable), or in the instance when there is leakage of protein into Bowman's space and the filter's structure is compromised (increasing π bs ). Modulation of the determinants of the GFR can lead to subsequent increases in filtration, and applying this increase of filtration at the level of a single glomerulus/nephron to Eq. 1 reveals a rise of FSS upon the podocyte.
Hyperfiltration can occur with expanded renal perfusion: often seen in the clinical setting of hypertension and also with a decrease of total nephron number (as in congenital anomalies of renal agenesis and reduced nephron number) [37, 38] . In the earliest stages of diabetes mellitus hyperfiltration has been appreciated, portending poor clinical outcomes [39] . In obesity with increased body mass, there is a compensatory increase of cardiac output that results in increased blood pressure and hyperfiltration faced by the static (or decreasing) number of glomeruli [40, 41] . Inflammatory cytokines, hormones, free fatty acids, smoking, and increased salt intake in the obese patient population are all associated with hyperfiltration. Therefore the role of hyperfiltration and resultant FSS within the glomerulus is relevant in highly prevalent diseased states.
The described surfaces of the podocyte are perpetually exposed to fluid flow. Under physiologic conditions the GFR of a healthy individual is considered to be around 125 mL/min/1.73m 2 , however there are varying definitions of what constitutes glomerular hyperfiltration. A GFR of two standard deviations above the mean for matched healthy individuals has been considered a definition of hyperfiltration [42] . Others have defined hyperfiltration as a measured value above thresholds ranging from 125 to 175 mL/ min/1.73m 2 . It should be noted that these attempts of defining glomerular hyperfiltration are for clinical utility and are made at the level of the whole kidney and not that of a single glomerulus. This is important to recognize as total, whole kidney GFR could be reduced while concurrently a subset of glomeruli experience hyperfiltration. Glomerular hyperfiltration has also been thought of as an increase of the filtration fraction, and this may be more representative of the fluid flow the podocyte is exposed. The filtration fraction is defined as the ratio of GFR to renal plasma flow (RPF), and is normally 0.16-0.20 [43, 44] . This relationship is important to keep in mind as not every instance of increased GFR necessarily equates to podocyte damage, i.e. during pregnancy. Normal pregnancy is associated with increases of GFR and RPF, but at the same time there is maintenance of a normal filtration rate and absence of the development of glomerular capillary hypertension and podocyte injury [10, 45] . On the other hand, increased GFR and filtration fraction can be injurious to the glomerulus and podocyte. In animal models of diabetic nephropathy it seems as though a relatively greater dilation of the afferent artery compared to that of the efferent artery results in an increased GFR, increased glomerular capillary hydraulic pressure, and an increase of the filtration fraction [46, 47] . The role played by angiotensin converting enzyme (ACE) inhibitors in alleviating increased glomerular capillary hydraulic pressure in such patients is evident through its ability to cause dilation of the efferent artery.
Currently understood mechanisms of FSS-mediated mechanotransduction in podocytes
The earliest examination of the role of FSS on the podocyte was provided by the work of Friedrich and colleagues [16] . They noted that the application of FSS (up to 0.25 dyne/cm 2 ) upon cultured podocytes would produce changes of the cellular architecture via reorganization of the actin cytoskeleton and detachment of some cells. The F-actin configuration changed with transverse fibers notably reduced, a cortical actin network was observed, and vinculin (typically co-localizes with F-actin) was found in a diffuse cytoplasmic distribution. Ruffles and lamellipodia that formed after the application of FSS (0.015-0.25 dyne/cm 2 ) contained cortactin (an actin nucleation protein) that was redistributed to the cell margins. Furthermore, by using broadband tyrosine kinase inhibitors they illustrated the role of tyrosine kinases in podocyte adaptation and maintenance of the actin cytoskeleton in the face of increased FSS. Similar cytologic changes were observed by others after the application of FSS (2 dynes/cm 2 ) on cultured podocytes characterized by decreased transversal F-actin stress filaments and the appearance of a cortical actin network [48] . It seems as though there is modulation of the actin cytoskeleton after exposure to FSS, and reconfiguration of the podocyte's cytologic architecture is observed post stimulation [7] . With the changes of the actin cytoskeleton, it is apparent that FSS elicits a structural mechanoresponse in the podocyte.
The mechanoresponse to FSS by the podocyte has been since shown to involve different intracellular signaling pathways. Huang et al. showed that in addition to inducing apoptosis in cultured podocytes, that FSS induced c-Src (a tyrosine kinase) phosphorylation, phospholipase (PLD 1 ) activity, production of phosphatidic acid, and activation of mammalian target of rapamycin (mTOR) [49] . The downstream actions of mTOR activation include Pichler Sekulic/Sekulic: Rheological Influence Upon the Podocyte mitochondrial metabolism, autophagy, protein/lipid synthesis, modulation of the actin cytoskeleton, and other cellular activities [50] . Within podocytes, mTOR has a role in cellular hypertrophy that may represent a mechanism of adaptation in light of podocyte loss in glomerulopathies.
Cultured podocytes exposed to FSS (2 dynes/cm 2 ) caused an increase of intracellular prostaglandin E 2 (PGE 2 ) protein and cyclooxygenase-2 (COX-2) mRNA, while COX-1 mRNA quantity was unchanged thus showing an element of specificity in the cellular response [48] . Srivastava et al. also showed that FSS caused an increase of E-prostanoid receptor 2 (EP2) protein and mRNA expression in cultured podocytes, and increased EP2 protein expression in glomeruli of Os/+ oligosyndactyl mice (a model of hyperfiltration) [51] . Further work with cultured podocytes exposed to FSS showed increased COX-2 and EP2 gene and protein expression, and increased intracellular and secreted PGE 2 [52] . EP2 has been shown to mediate both G protein-coupled (modulating cAMP, Rap1/2, et al.) and G proteinindependent (modulating β-arrestin, Src/EGFR, ERK, F-actin, et al.) downstream signaling [53] . An experiment placing isolated glomeruli in a flow chamber showed that FSS increased the filter's permeability to albumin, and this effect was attenuated with the application of indomethacin. The data collected by Srivastava and colleagues illustrated that activation of the COX-2/PGE 2 /EP2 signaling pathway could alter podocyte function and provide targets for therapeutic intervention in the setting of hyperfiltration.
To date, there is no clear mechanism by which the podocyte senses the mechanical force of FSS. Mechanotransduction is comprised of the cell first being able to sense the force being transmitted/applied, followed by a response [54] . It seems that regardless of the cell/system studied, mechanical forces drive change in protein conformation that leads to downstream effects (i.e. opening of a mechanically gated ion channel or exposure of a protein domain for interaction with substrates). Unfortunately the sensor(s) of FSS in the podocyte has/have not yet been illustrated. A schematic depicting the podocyte specific, FSS-initiated signaling pathways known to date are depicted in Fig. 2 .
Postulated mechanisms of FSS-mediated mechanotransduction in podocytes
As stated above, the podocyte sensor (or sensors) of FSS is not known, but there are possible components of the podocyte that could play such a part and are discussed as follows (Fig. 2) . Junctional proteins have been shown to sense FSS in endothelial cells, including cadherin, which was previously observed to localize at the slit diaphragm [55, 56] . It could be suggested that the slit diaphragm acts as a sensor of FSS, as the structure has already been implicated in podocyte signaling cascades [20] . Integrins have been thought to act as mechanosensors of FSS in endothelial cells, and were shown to mediate downstream activation of ERK1/2 or AKT [57] . While the study by Chretein did not show conformational change of integrins, others have shown that integrins do in fact undergo such structural change after the application of mechanical force [58] . Integrins are well established as being integral in the maintenance of the podocyte's actin cytoskeleton as well as modulating the architecture of the specialized foot processes by intracellular signaling [59] .
The role of the transient receptor potential canonical (TRPC) family of non-selective, Ca 2+ conducting channels in podocytopathies has been examined and mutations in TRPC6 have been implicated in the development of adult onset focal segmental glomerulosclerosis [60] [61] [62] . Additionally, TRPC5 and TRPC6 have been noted to regulate the actin cytoskeleton of podocytes via Rac1 and RhoA respectively [62, 63] . Hypoosmotic stretch induced TRPC6 activity was noted in CHO-K1 cells transiently expressing the ion channel, therefore showing a response to a mechanical stimulus [64] . A mechanically sensitive potassium channel was found in cultured podocytes that drove calcium influx by way of stretch induced hyperpolarization -this potassium channel could represent a senor that leads to TRPCmediated actin modification [65] .
As mentioned before, there may be overlap of signaling pathways activated in response to FSS and mechanical stretch. To touch on briefly, podocytes have been found to have increased intracellular calcium, increased ERK1/2 phosphorylation, and increased secreted protein acidic and rich in cysteine (SPARC) in response to stretch [11, 66] . Podocyte osteopontin in concert with integrins have been shown to modulate the actin cytoskeleton in reaction to stretch, with concurrent participation of FAK, Src, MAPK, and PI 3-kinase [67] . While FSSinduced intracellular signaling was described earlier to activate PGE 2 , mechanical stretch was also shown to increase PGE 2 activity in podocytes [68, 69] . Whether similarly involved signaling molecules/pathways are activated after the application of FSS on a podocyte is yet to be comprehensively illustrated. 
Conclusion
The podocyte is a highly specialized, differentiated cell whose reaction to changes in surface FSS and increased fluid flow would be expected to be unique and specific to this cell type. While one could attempt to extrapolate the expected reaction of podocyte change to FSS from data gleaned from the study of other cells types (i.e. osteocytes and endothelial cells), the unique location and function of the podocyte requires focused investigation. Prior studies examining other cells types would be useful in at least providing starting points of investigation in attempting to see if similar manners of mechanotransduction exist. Further investigation of such mechanical force on the podocyte should shed light on a cell that is perpetually exposed to fluid flow. In particular, in vivo microscopic techniques could be used to evaluate changes of flow and the effect on podocytes and other elements of the glomerulus in real-time. It is imperative to understand podocyte response and injury secondary to increased FSS and altered intra-glomerular fluid dynamics.
A practical application of studying the reaction of podocytes to FSS is in the understanding of the therapeutic effects of ACE inhibitors. The role of ACE inhibitors in decreasing glomerular capillary hydraulic pressure (P gc ) via vasodilatory effect on the efferent arteries is well established. Vasodilation and the reduction of resistance of flow through the efferent artery lend to a decrease in filtration fraction and the flow of filtrate exposed to the podocyte [8, 70] . ACE inhibitors have been efficient in delaying the progression of chronic kidney disease and this action may partially be through the reduction of pathologic forces (injurious FSS and stretch) within the injured glomerulus. This discussion should also note the renoprotective benefits of ACE inhibitors are more than just hemodynamic in nature: they also modulate the direct detrimental effect of angiotensin II upon podocytes [71] .
It should not be forgotten that the parietal epithelium of Bowman's capsule is likely exposed to similar FSS as some portions of the podocyte, and this implies that such force could injure and destabilize these cells. Obviously the structure and placement of parietal epithelium differs from that of the podocyte, so the expected FSS, the threshold for reaction to mechanostimulation, and the response by these cells would vary. The role of the parietal epithelium in glomerulopathies is not entirely clear, but it could be that altered hemodynamics within Bowman's space are to explain some of the changes seen in the parietal epithelium in pathologic lesions. While recent work has observed changes in parietal epithelium after the loss of podocytes, the mechanisms of parietal cell alterations are not well understood, and the part played by altered fluid dynamics within Bowman's space should be examined [72] . On the same note, the influence of FSS upon all resident cells of the glomerulus should be examined to elucidate the role of such mechanical force in the pathogenesis of glomerulopathies.
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